Most patients with Type I diabetes can secrete useful amounts of endogenous insulin in response to stimulation tests for a period after diagnosis [1, 2, 3] . Postmortem studies indicate that the insulin content of the pancreas is reduced to about 10 % in young patients [4] and histological sections taken soon after disease onset show that some 5 to 20 % of islet cells stain for insulin [5] . Many of these patients, however, died in hyperglycaemic crisis, and otherwise functional beta cells could have been depleted of insulin. Animal studies suggest that at diagnosis beta-cells are present which do not stain for insulin and that these can function effectively in a non-inflammatory environment [6, 7] . Equally, human studies show that residual beta-cell function often improves over the first months of insulin treatment, as judged by C-peptide production after stimulation with glucagon or a test meal, but fades away gradually over time [3, 8, 9] .
Background
Most patients with Type I diabetes can secrete useful amounts of endogenous insulin in response to stimulation tests for a period after diagnosis [1, 2, 3] . Postmortem studies indicate that the insulin content of the pancreas is reduced to about 10 % in young patients [4] and histological sections taken soon after disease onset show that some 5 to 20 % of islet cells stain for insulin [5] . Many of these patients, however, died in hyperglycaemic crisis, and otherwise functional beta cells could have been depleted of insulin. Animal studies suggest that at diagnosis beta-cells are present which do not stain for insulin and that these can function effectively in a non-inflammatory environment [6, 7] . Equally, human studies show that residual beta-cell function often improves over the first months of insulin treatment, as judged by C-peptide production after stimulation with glucagon or a test meal, but fades away gradually over time [3, 8, 9] .
The first immune intervention trials in recent onset Type I diabetes aimed for full remission, i. e. independence from insulin [10, 11] , but this goal so far has not been reached [9, 12, 13] . A number of well controlled trials have, however, reported preservation of residual insulin secretion over 12 to 18 months or more [9, 11, 14, 15, 16, 17, 18, 19, 20] . It is thus clear that immune intervention backed by insulin replacement therapy can delay the loss of beta-cell function in Type I diabetes. In contrast, there is also evidence Diabetologia (2001) 
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that insulin therapy alone can delay the loss of residual C-peptide secretion [8, 21] , though intensified insulin therapy did not prolong this effect for more than 3 to 6 years after diagnosis. [3] .
The risks and possible benefits of immunotherapy in the prevention or treatment of Type I diabetes in children have been critically discussed [22, 23] and are readdressed here. Our aim is to discuss whether preservation of residual beta-cell function after diagnosis of Type I diabetes is of sufficient benefit to the patient to justify adjunct immunotherapy or other interventions such as gene therapy, enhancement of beta-cell regeneration or stem cell transplantation.
Preserving beta-cell function: is there direct evidence of benefit?
Direct proof would require a controlled trial to show that maintained endogenous insulin secretion benefits disease morbidity and quality of life, yet no such trial has been undertaken. A trial of this sort would require randomisation of matched patient groups with identical C-peptide production followed by intervention to preserve endogenous insulin secretion in one group. The study should be blinded to ensure that other aspects of care such as insulin treatment are offered impartially. The experimental treatment should not affect morbidity and mortality, and such effects might be difficult to identify and exclude with immune intervention. Finally, the trial should last for a minimum of 5 years to have a sufficiently high incidence of outcomes, as in the Diabetes Control and Complications Trial (DCCT) [3, 24] . These considerations and the current lack of safe and effective intervention, make it unlikely that direct evidence of the benefit of preserving beta-cell function will become available in the near future.
Residual C-peptide secretion versus metabolic control
Cross-sectional studies in long term Type I diabetes show that patients with residual C-peptide secretion have better metabolic control as determined by HbA 1 c concentrations [25, 26, 27, 28] . This observation should be interpreted with care, since skilled insulin therapy would be expected to promote survival of beta cells by reducing metabolic demand and glucose toxicity, and residual endogenous insulin secretion might therefore be a consequence rather than a cause of good metabolic control. Conversely, high glucose concentrations have been shown to damage beta-cell function in vitro or in vivo [29, 30] , and in the DCCT beta-cell function (stimulated C-peptide concentrations ³ 0.2 pmol/ml) was higher in the intensive insulin treatment group (median HbA 1 c concentrations around 7 %) than in the conventional insulin treatment group (median HbA 1 c concentrations around 9 %) [3] . Metabolic control and endogenous insulin secretion are therefore not independent of one another and causes and consequences of preserved beta-cell function could therefore be difficult to disentangle.
Patients with residual C-peptide secretion require less insulin, and those who need doses of less than 0.1±0.2 units/kg body weight to maintain good metabolic control have near normal blood glucose profiles with little early morning increase in fasting blood glucose concentrations [31, 32] . An additional benefit of stable glucose control is that it is not aggravated by counterregulatory hormones released in response to changing glucose concentrations, explaining the old clinical saying that ªgood control begets good controlº. There can therefore be little dispute that wellpreserved endogenous insulin secretion curbs transient hyperglycaemia, with resulting improvement in HbA 1 c and risk of long term complications.
This effect was confirmed in the DCCT, in which the intensively treated group could be subdivided according to residual C-peptide secretion at entry to the trial. The sub-group with the highest stimulated C-peptide had significantly (p < 0.01) lower HbA 1 c over the first four years of the study and 50 % less risk of progression of retinopathy, with a similar trend for microalbuminuria [3] . Patients with higher C-peptide responses at diagnosis might arguably have a less aggressive form of the disease with lower risk of chronic complications, but DCCT showed that those with a good initial C-peptide response are not protected from diabetic complications under conditions of suboptimal metabolic control and rapidly lose residual beta-cell function [3] .
Residual beta-cell function and hypoglycaemia
Hypoglycaemia is the major limiting factor for improved metabolic control in Type I diabetes [33] and greatly reduces the motivation of patients to comply with intensive insulin treatment regimens. A minority of patients have been so disabled by recurrent hypoglycaemia as to justify pancreas or islet transplantation. Islet transplantation has until recently resulted in transient subnormal restoration of beta-cell function rather than normoglycaemia [34] , and therefore provides a useful model of partial beta-cell function. Several trials have reported major improvement in symptoms of hypoglycaemia within weeks of transplantation. Adrenaline, noradrenaline and cortisol responses to hypoglycaemia increased markedly, although the glucagon response was not restored and all patients regained autonomic warning symptoms [35, 36, 37] . Because hypoglycaemia does not improve after kidney transplantation, these benefits are not due to immunosuppression. These studies therefore prove a causal link between residual betacell function and reduced risk of hypoglycaemia. Comparable benefits were seen in the DCCT, in which patients on intensified treatment with baseline stimulated C-peptide responses ³ 0.2 pmol/ml had 65 % less risk (95 % confidence interval 53 % to 74 %) for severe hypoglycaemia with seizure or coma despite significantly lower concentrations of HbA 1 c [3] .
Other potential benefits of residual beta-cell function
Partial restoration of endogenous insulin secretion has been reported to normalise protein and lipid metabolism [38] . It should also be noted that beta cells do more than secrete insulin. C-peptide might itself have a physiological role, and specific saturable high affinity binding to a putative receptor has been reported for several human cell types [39] . Short-term intervention studies with exogenous C-peptide report improved renal function in diabetic nephropathy and improved nerve function in diabetic neuropathy. Improvement within the microcirculation was also reported in association with improved erythrocyte deformability and increased activity of endothelial nitric oxide synthase and erythrocyte Na + , K + -ATPase [40, 41, 42, 43, 44, 45] .
Another beta-cell product is amylin, a peptide which acts centrally to modulate gastrointestinal function [46, 47] . The amylin analogue pramlintide acts synergistically with insulin to improve glucose control in Type I diabetes [48] . In addition, functional beta-cells form an important element in the community of cells in the pancreatic islets, are electrically coupled to other islet cell types through gap junctions and could have other useful actions including trophic effects on pancreatic exocrine tissue [49, 50] . Preservation of functional beta cells therefore offers a range of other potential benefits, although at present it is not possible to establish how important these might be.
Conclusions
Definitive proof that the preservation of beta-cell function is beneficial must await prospective studies and these will only be feasible when acceptably safe and successful immune intervention becomes available. In the interim, there is compelling evidence that residual beta-cell function is associated with improved metabolic control, with reciprocal benefits for residual beta-cell function, and reduced risk of severe hypoglycaemia. As yet there is no formal proof that long term maintenance of C-peptide responses will decrease morbidity and mortality but the indirect evidence makes this a justifiable inference.
One current limitation is that we do not know what constitutes a ªprotectiveº residual C-peptide response. Although threshold concentrations are widely used to define such responses, the benefits of residual insulin production are likely to be dose-dependent and even minimal improvement should in theory produce some clinical benefit. Very large prospective studies would be needed to clarify this point and these would be hard to justify at present. Meanwhile we lack vital information about the key end-point used for intervention studies in newly diagnosed patients. Are threshold concentrations of C-peptide adequate or should we compare differences between groups in terms of mean responses to stimulation, and should such differences be assessed in absolute or relative terms? At present, these questions cannot be answered. Equally, it is not possible to separate the benefits of preserved endogenous beta-cell function from those of improved glycaemic control. Both are desirable and both are synergistic. Immune intervention trials imply that insulin treatment should be optimised. Subjective factors play a major part in metabolic control and such trials should therefore be blinded whenever possible.
Despite current limitations in knowledge, we conclude that partial preservation of residual beta-cell function after diagnosis is an important goal of therapy and that intervention trials aimed at preservation of C-peptide secretion deserve careful consideration. The possibility of direct clinical benefit to participants in such studies should be weighed carefully against the safety profile and potential hazards of each form of intervention. After all, and despite the high risk of disabling late complications, insulin therapy does offer such patients decades of life. We therefore emphasise that safety remains of paramount concern in planning clinical trials in newly diagnosed patients. A further potential benefit of immune intervention in newly diagnosed patients is that it can be used to establish proof of principle for interventions which might subsequently be taken into the prediabetic phase of the disease. At present trials in newly diagnosed patients offer the most ethical and cost-effective means of obtaining such evidence.
